Question: In the restoration of degraded arid environments, woody seedling 20 survival is threatened by drought, extreme temperatures and radiance, and herbivory. 21
Introduction 49
Seedling survival is critical in restoration programs conducted in dry 50
Mediterranean environments, as seedlings are very sensitive to several hazards. These 51 include extreme temperatures and irradiance, soil desiccation, strong winds, and 52 herbivory (Moles & Westoby 2004; Padilla et al. 2009 ). Excessive light and extreme 53 temperatures may damage seedlings, strong, desiccant winds may snap twigs and 54 exacerbate water stress caused by low rainfall, and the seedling's green sprouts may be 55 browsed by cattle and wild fauna (Bainbridge 1994) . Seedlings are mostly unable to 56 face these threats by themselves in disturbed environments and large casualties have 57 been reported in projects carried out in arid and semi-arid Mediterranean environments 58 8
Experimental design 145
In January 2003, one-year-old seedlings of standard size grown under identical 146 conditions in a nearby forestry nursery (Padules, Spain; 36º 59' N lat., 2º 46' W long., 147 740 m elevation), were transplanted to the field. Seeds were of local provenance. At the 148 time of transplant, species were distributed on each aspect at random in gaps at a 149 distance of at least 1 m from any perennial species, and were assigned to one of the 150 following treatments: a) mesh-walled shelter, b) solid-walled shelter, or c) no shelter 151 (control). Only one seedling was planted in each tube. In all cases, we dug a small 152 microcatchment (1 m 2 -area) using a hoe to increase water collection following 153 traditional techniques. In September 2002, sub-soiling with one ripper to a depth of 0.5 154 m was carried out twice at each site. Since summer drought is one of the major 155 constraints on survival, half of the planted seedlings received two irrigation pulses in 156
May and July, with around 1.5 -3 L of water supplied at root level through a fine pipe 157 buried 20 cm into the soil close to the roots (Sánchez et al. 2004) ; the other half 158 remained unwatered throughout. Watered seedlings were chosen at random. 159
The experimental design was factorial with two fully-crossed factors: watering 160 (irrigated vs. control) and shelter type (mesh vs. solid vs. control). Aspect was not taken 161 into account as we lacked plot replication; data from north and south aspects were 162 therefore pooled for each site. Survival was recorded in October 2003, after the first 163 autumn rains. Survival was determined by the presence of living sprouts. The sample 164 size per treatment combination (species x watering x shelter) ranged 60-100 seedlings in 165 Santillana and 60-80 seedlings in Cortijo La Sierra. 166
Rainfall in each experimental site was collected with a pluviometer (Davis 167
Instruments Corp, Hayward, CA, USA) and recorded daily (Hobo, Onset Computers, 168 Pocasset, MA, USA) from April to October. Rainfall from preceding months was taken 169 from the nearest meteorological station. Overall rainfall during the course of the 170 experiment was 28% and 36% below the latest historical records in Santillana and 171
Cortijo La Sierra, respectively. Despite this lower rainfall, it is worth noting that climate 172 change scenarios for our region predict a 30% reduction in precipitation (IPCC 2007 (Tabachnick & Fidel 2001) . 201
Differences in daily mean, maximum and minimum temperatures, VPD, and 202
PAR between shelter types were tested through one-way ANOVA, followed by Tukey 203 tests. For these tests, we randomly selected one day from our five-day dataset, since 204 measurements were taken on a relatively uniform, sunny spell. For PAR analysis we 205 considered only the daylight time period, between 8:00-17:30 solar time. 206
Analyses were conducted with the SPSS v15.0 statistical package (SPSS Inc., 207 Chicago, IL, USA), and significant differences were set at p< 0.05. 208
209

Results
210
Seedling survival 211
Santillana site 212
There were no significant differences in seedling survival among shelter 213 treatments in Juniperus phoenicea (p>0.3, Table 1 , Fig. 2A ). Summer irrigation 214 enhanced survival from 12 to 24% (control vs. watered seedlings, respectively; 215 11 p<0.001). Amongst Pinus pinaster seedlings, survival was very low, with figures 216 ranging from 0-7%. Survival of watered seedlings was close to 4% in all treatments, but 217 non-irrigated seedlings only survived in mesh-walled shelters (Watering x Shelter, 218 p<0.02). Overall, survival of Quercus coccifera seedlings was significantly higher in 219 shelters (p<0.001), particularly in solid-walled shelters (17%) followed by mesh-walled 220 shelters (11%), while only 3% of the control seedlings survived. Watering increased 221 survival almost four times across treatments (4 vs. 15 %; p<0.001). Quercus ilex also 222 survived better in both types of shelters than in control (p<0.003) with higher survival in 223 watered treatments (p<0.001). The highest survival rate was found in solid-walled 224 shelters (15%) followed by mesh-walled shelters (7%) with only 4% in control 225 seedlings. Survival of watered seedlings was four-fold that of unirrigated ones. 226 227 Cortijo La Sierra site 228
Most of the seedlings planted at this site died in summer, with survival ranging 229 from 0-6% (Fig. 2B ). There was a weak effect of tree shelters on survival of Ceratonia 230 siliqua (p<0.05) and Tetraclinis articulata (p<0.04; Table 1), with seedlings in solid-231 walled shelters surviving slightly better (4%) than those protected with mesh-walled 232 shelters or living in control (<1%). Tree shelters had no effect at all on survival of 233
Juniperus phoenicea, Olea europaea and Pinus halepensis. Similarly, irrigation did not 234 enhance survival in any species other than Tetraclinis articulata (p<0.03). 235
236
Micro-environmental conditions in tree shelters 237 PAR was significantly lower in solid-walled than in mesh-walled shelters and 238 controls; daily mean and max PAR recorded in solid-walled shelters was 75% below 239 that recorded in control and near 30% in mesh-walled shelters (Table 2) . Thus, solid-240 walled shelters diminished PAR reaching the soil surface to a greater extent than mesh 241 shelters. VPD tended to be lower in tree shelters than in control, as shelters retained air 242 moisture. Not only were there differences among shelters in mean VPD, but also in min. 243 and max. values (Table 2) . By contrast, mean, max. and min. air temperature inside tree 244 shelters and in control did not differ. Overall, the lowest PAR and VPD levels were 245 found in solid shelters, while the highest were recorded in the control; mesh shelters 246 were in between the two. 247 248 Discussion 249
We tested whether solid-walled and mesh-walled shelters, both commonly used 250 in arid restoration programs of SE Spain, enhanced survival of Mediterranean woody 251 species. Overall, survival was significantly higher in solid-walled shelters than in mesh-252 walled shelters, or in controls in four out of the eight species tested. However, this 253 effect was almost negligible in two of these species, as survival was so low (<3%) in 254 shelters that the effect is irrelevant in management terms. This leads us to conclude that 255 under very dry conditions such as those at our field sites, shelter alone does not ensure 256 establishment, as found elsewhere when using the shelter provided by piled shrub 257 branches in a nearby area (Padilla & Pugnaire, 2009) . 258
Solid-walled shelters reduced the amount of radiation reaching the soil surface to 259 a greater extent than did mesh-walled shelters, whereas both shelter types resulted in 260 higher air moisture than in control. Although we did not record levels of herbivory 261 explicitly, we did observe some browsed shoots particularly in control seedlings, while 262 shelters prevented rabbits and mice from browsing on the protected seedlings. 
2008). Some seedlings of 298
Olea europaea remained alive in solid-walled shelters, whereas in controls or in mesh 299 tubes, survival tended to be lower (but not significantly). These findings would concur 300 with previous work reporting that some sort of shelter could increase seedling 301 recruitment of this species (Rey & Alcántara 2000) . Survival of Pinus halepensis 302 saplings was one of the lowest in the whole experiment regardless of shelter type, which 303 is likely to be due to water stress in Cortijo La Sierra site being too intense even for this 304 helophytic pine. 305
Research has shown that irrigation in spring and summer may provide seedlings 306 with enough moisture to face summer drought (Rey-Benayas 1998; Bainbridge 2002; 307 Sánchez et al. 2004; Banerjee et al. 2006; Alrababah et al. 2008 ), yet the amount of 308 water supplied is critical (Allen 1995). The two pulses of water we supplied (in May 309 and July) enhanced survival slightly at the more humid Santillana site, but did not 310 increase survival at the drier Cortijo La Sierra site. Therefore, more frequent or intense 311 watering schemes seem to be necessary in these extremely dry sites, in order to boost 312 early seedling survival. 313
Overall, our findings suggest that both shelter types assessed do not enhance 314 seedling survival rates consistently for most of the species planted at these dry sites. We 315 therefore suggest that the use of such shelters be reconsidered for environments similar 316 to ours, since they are not worth the labor or costs at these sites. The shelter types tested 317 here may have further drawbacks because they have a great visual impact, they remain 318 in the field long term, and removals are typically expensive. These reasons, together 319 with their low efficiency, make it necessary to develop new designs and to improve 320 materials for shelters in arid environments. An alternative to tree shelters can be 321 In conclusion, solid-walled shelters were most effective at enhancing seedling 331 survival for Quercus coccifera and Q. ilex in our very dry environments; however, the 332 tree shelters tested were largely ineffective for the other six Mediterranean species. 333
Despite these species being well-adapted to Mediterranean droughts, under the severe 334 conditions of our Mediterranean summer, only the drought-tolerant Quercus species 335 16 found tree shelters beneficial both in statistical and management terms. Thus, the use of 336 these tree shelter-types in arid environments should be reconsidered, especially under 337 global change scenarios imposing drier conditions, as they have proven to contribute 338 little to the enhancement of seedling survival, but often account for a significant 339 proportion of the restoration budget. The real determining aspect of these sites is water, 340 so further research is still necessary to validate mechanisms, either through artificial 341 
